Protein interaction maps can reveal novel pathways and functional complexes, allowing`guilt by association' annotation of uncharacterized proteins. To address the need for large-scale protein interaction analyses, a bacterial two-hybrid system was coupled with a whole genome shotgun sequencing approach for microbial genome analysis. We report the ®rst large-scale proteomics study using this system, integrating de novo genome sequencing with functional interaction mapping and annotation in a high-throughput format. We apply the approach by shotgun sequencing and annotating the genome of Rickettsia sibirica strain 246, an obligate intracellular human pathogen among the Spotted Fever Group rickettsiae. The bacteria invade endothelial cells and cause lysis after large amounts of progeny have accumulated. Little is known about speci®c Rickettsial virulence factors and their mode of pathogenicity. Analysis of the combined genomic sequence and protein±protein interaction data for a set of virulence related Type IV secretion system (T4SS) proteins revealed over 250 interactions and will provide insight into the mechanism of Rickettsial pathogenicity.
INTRODUCTION
The utility of protein interaction maps is extensively documented and it is well appreciated that genome annotation could bene®t from protein interaction data (1±6). Two-hybrid projects require protein-coding regions be cloned in expression vectors as reagents for genetic screens (7) . To obtain these, a shotgun strategy is preferable. This approach rapidly generates multiple overlapping fragments for any region. Use of fragment libraries in two-hybrid screens has been shown to reduce false-negatives (8, 9 ). An additional bene®t of this strategy is the ability to localize domains responsible for interactions, in both bait and prey constructs, similar in concept to deletion studies. To link genome sequencing and protein interaction mapping in a pipeline, a bacterial version of the yeast two-hybrid (Y2H) system is well suited. Bacterial two-hybrid (B2H) systems have been developed and proven reliable for several selected gene products (10, 11) , but to date B2H has not been applied to large scale protein interaction mapping as with the well established Y2H system (4±6).
The B2H system used in this study was developed by Hochschild and colleagues (12±14), and is similar in concept to the standard Y2H system. We selected this version of the B2H system as it allows for random cloning of fragments because proteins are fused C-terminally to binding or activation domains. In addition, the system has been validated in various screening studies and shown to provide reproducible interaction data (13±15). Brie¯y, a protein of interest (the bait) is fused to l cI, a DNA binding domain, which binds to a l operator sequence, OR2, placed upstream of a weak promoter. In addition, a second protein of interest (the prey) is fused to the RNA polymerase (RNAP) a subunit, an activation domain, which is part of the RNAP holoenzyme (Fig. 1a) . If the two proteins of interest interact, RNAP is recruited to the weak promoter causing increased transcription of the downstream reporter genes, b-lactamase and b-galactosidase (Fig. 1b) . Colonies expressing the reporter genes can then be selected on appropriate media (see Materials and Methods). Since fusion proteins are generated from standard backbone vectors and expressed in Escherichia coli, sequencing of inserts to determine interacting proteins is greatly simpli®ed. Utilizing this system, we developed a process termed`functional shotgun sequencing' in which a shotgun library is constructed in the bait vector, followed by determination of open reading frame (ORF) fragments that are cloned in the correct frame and can be used as bait (Fig. 2) . Alternatively, the fragments can be shuttled to the appropriate vector for use as prey. This process allows for the rapid development of a resource of cloned overlapping ORF fragments from which protein interaction screens in the B2H can begin.
MATERIALS AND METHODS

Modi®cation of the bacterial two-hybrid vectors
Original vectors from the system developed by Hochschild and colleagues (10) were modi®ed as follows: pAClcI32 and pBRstar (15) were modi®ed by re-introducing the NotI site followed by a BstXI restriction site, XhoI restriction site plus three frame stop codons. Constructs were renamed pBAIT and pPREY respectively. To verify that vector modi®cations did not alter functionality, Gal11 P and Gal4 fragments (14) , were *To whom correspondence should be addressed. Tel: +1 978 867 2632; Fax: +1 978 867 2601; Email: jamalek@agencourt.com cloned into pBAIT and pPREY using BstXI adapters, screened and the capability to interact veri®ed.
Functional shotgun sequencing of Rickettsia sibirica
Genomic DNA from Rickettsia sibirica was randomly sheared using nebulization. Fragments of 750 bp were gel puri®ed, adapted with BstXI adapters and ligated into pBAIT. From this pBAIT library 27 314 sequences were attempted yielding 25 210 successful reads with average assembled length of 621 bp. Sequence coverage of the~1.25 Mbp genome by pBAIT sequences was 12.5Q. Coverage of the genome was checked for signi®cant deviation from the expected mean and no regions of unusual over-or under-representation were found. To improve and verify the assembly, a fosmid library was generated by shearing genomic DNA to average size of 40 kb followed by cloning using fosmid packaging. Paired-end reads from 5044 fosmid clones were attempted, yielding 8322 successful reads. Sequence coverage of the genome by fosmid reads was 3.3Q.
Assembly and annotation
Assembly was conducted using the Paracel Genome AssemblerÔ (Paracel, Pasadena, CA, USA) and ordered by paired-end reads. Protein coding regions were initially determined by GeneMarkS (16) and assigned function based on BLASTP analysis using the GenBank NR database. Sequences from interactions were annotated using the COG database to create protein families (see Supplementary Material, Table S2 ).
Selection of in-frame fragments and creation of the prey libraries pBAIT clones containing in-frame fragments of genes were determined by translation of nucleotide sequence oriented by the vector/insert junction. Translated fragments were then searched against the set of determined ORFs of R.sibirica for similarity. Clones determined to contain ORF fragments expressed in the correct frame were re-arrayed to fresh plates creating a set of ORF fragments for screening. For the ORF fragment prey library, all pBAITs determined through sequencing to contain in-frame fragments were arrayed, grown to stationary phase and plasmid DNA prepared. Inserts were excised and re-ligated into pPREY sites maintaining directionality. The ligation was transformed, plated and~2 million colonies were scraped for DNA preparation. For the screening shotgun library, adapted R.sibirica DNA from the shotgun sequencing project was mixed at a 1000:1 ratio with a control insert Gal11 p , to serve as a downstream positive control, ligated into pPREY vector, transformed and 6 million colonies were plated. After overnight growth the colonies were scraped and plasmid DNA extracted using standard methods. One hundred clones from both the ORF and shotgun library pPREY library were sequenced to ensure the library was random. For baits, 17 overlapping peptide fragments were found spanning regions of; VirD4 (rsib_ orf.311) a.a. 2±591, VirB11 (rsib_orf.312) a.a. 108±334, VirB10 (rsib_orf.313) aa 9±89 and a.a.125±483, VirB9 (rsib_orf.314) a.a. 80±157, VirB8¢ (rsib_orf.315) a.a. 83± 243, VirB7 (rsib_orf.316) a.a. 39±52, VirB8 (rsib_orf.317) a.a. 3±227.
Screening in the bacterial two-hybrid system
For screening, the BacteriomatchÔ reporter strain (Stratagene, La Jolla, CA, USA) was used. This strain harbors the reporter episome pFWO62SD+bla15 used in reporter strain US3F¢3.1. pBAIT DNA from clones containing peptide fragments of interest was prepared in 96-well plates using standard alkaline lysis methods. Each peptide of interest was transformed using 100 ml of BacteriomatchÔ reporter strain cells, 50 ng of pBAIT and 50 ng of either ORF library or shotgun library pPREY DNA. This yielded 650 000 dual transformants on average. Dual transformants were plated on 25 cm 2 plates containing LB agar supplemented with 25 mg/ml IPTG, 300 mg/ml carbenicillin, 2 mg/ml tetracycline, 50 mg/ml kanamycin and 12.5 mg/ml chloramphenicol. Small aliquots were also plated on media lacking carbenicillin to determine total dual transformation numbers. Screening was also conducted on minimal media plates containing the same antibiotics, IPTG amounts, but with lactose as the sole carbon source. This latter method selects for expression of both b-lactamase and b-galactosidase. At this level of dual transformation (650 000), the ORF fragment library was oversampled~160Q. In the case of the shotgun library this was~40Q coverage of the proteome. All colonies, or up to 400 colonies, growing after 16 h were picked for secondary screening on agar plates containing all previous ingredients plus IPTG and Xgal. After overnight incubation, colonies yielding signi®cant blue color when compared with negative controls were picked for sequencing.
Categorization and validation of interactions
Interactions were categorized as follows: observed once, were assigned score 1; more than once were assigned score 2; and more than once by different fragments were assigned score 3. This categorization represents the levels of validation of any given interaction. All screening against libraries was conducted in conjunction with a negative control pBAIT expressing the l cI alone. Colonies from these screens were sequenced and one false-positive, rsib_orf.1344, was identi®ed. Both plasmids from 24 randomly selected interactors were prepared and re-transformed into the selection strain.
Twenty-three of the original 24 clones revealed reconstituted interactions corresponding well with previously determined b-galactosidase activity levels. This suggests that~4% of interactions may have occurred due to breakthrough of the reporter strain.
RESULTS
The genome of R.sibirica 246 was subjected to functional shotgun sequencing, assembly, gene identi®cation and automated annotation. Sequencing reads assembled into one supercontig consisting of seven ordered and oriented contigs. A total of 1234 putative genes were identi®ed having an average coding length of 787 bp (Table 1) , comprising 972 024 protein-coding bases or 324 008 amino acids. As expected, the identi®ed R.sibirica genes displayed a high degree of sequence conservation with genes of Rickettsia conorii whose genome is completely sequenced (17) . A total of 3932 sequences, when translated in frame with l cI, revealed a cloned fragment from a R.sibirica ORF. The 3932 in-frame clones spanned 599 602 amino acids or about 1.85Q proteome redundancy. At this level of proteome coverage, predicted missing coverage will be P = e ±1.85 or~15.7% (18) . Thus, 85% of the proteome, or 1040 proteins, should be represented in the identi®ed clone set. In fact, in-frame fragments from 986 ORFs covering 278 832 unique amino acids were observed, corresponding to 86% of all amino acids being covered at least once. These numbers agree well with predicted coverage. From this set of clones, we were able to select clones spanning regions of interest for screening against either the sheared genomic prey library or the shuttled ORF fragment prey library.
Rigorous testing of the B2H system with proteins known to interact showed that use of minimal media and higher levels of reporter antibiotic in conjunction with IPTG were crucial in obtaining reproducible interactions consistently. We observed that allowing cells to recover greater than 2 h after transformation resulted in increased basal level reporter antibiotic resistance reducing the capacity to select for interactions based solely on the reporter antibiotic resistance. As an initial test of the system with large, dimerizing proteins, we ampli®ed the full-length E.coli MoeA gene by PCR from the genome and cloned into pBAIT and pPREY. This protein was selected for study as some criticism of the unmodi®ed B2H system has centered on reported interactions only occurring between small (40±150 aa) moieties which themselves do not dimerize. MoeA, a 411 aa, protein has been shown to interact with itself in another B2H system (19) . Transformation in the reporter strain and selection revealed a strong interaction in our system. Both pBAIT and pPREY containing the MoeA gene were transformed with empty pPREY or pBAIT plasmids respectively with no observed interaction verifying the plasmid dependence of the interaction. The region of the genome including the virulence cluster VirD4-VirB8 was selected for further study. The proteins encoded by genes in this region are of interest because of their apparent role in virulence and their relationship to the Type IV secretion system (T4SS) found in numerous pathogens. In some organisms, T4SS have been shown to be responsible for delivery of effector molecules to cells of the eukaryotic host organism. Studies have been conducted on interactions among subunits of the T4SS complex in several microbes (9,20±22). While interactions among the subunits have been characterized, interactions between the T4SS complex and other proteins, such as secreted effectors, have not been as well characterized. Given the presumed conservation of interactions between ortholog pairs in different species, termed interologs (23), we expected to obtain interactions among the T4SS subunits similar to those identi®ed in other organisms using the Y2H system. Seventeen in-frame ORF fragments spanning portions of the VirD4-VirB8 (Fig. 3) region of the genome were selected for screening as baits against a sheared genomic prey library and a shuttled ORF fragment prey library. Screens against the ORF fragment library identi®ed almost all interactions found using the shotgun library and determination of which approach to use should be set based on the scale of screening. Screens against the ORF fragment library produced fewer false-positives (small non-genic peptides that appear to interact ubiquitously), and required less sequencing. However, the shotgun prey library provided better resolution of the interaction domains (Fig. 4) .
Screening yielded 284 distinct interactions between 155 proteins or protein families and the six T4SS subunits screened (Fig. 5) . One hundred and sixty-two interactions fell into category 1 (observed once), 48 in category 2 (observed more than once) and 74 in category 3 (observed more than once using different fragments) (as in Fig. 4 ) (see Supplementary Material, Table S1 ). Of the proteins involved in the 162 interactions observed once, 84% interacted with at least one other T4SS subunit. Twenty-four proteins lacking any annotation were also found to interact with the T4SS subunits and these interactions have been selected for further validation and study. Forty six percent of the interactions previously reported among T4SS subunits in other organisms using the Y2H were obtained using the B2H system (Table 2) . We identi®ed two intra-complex interactions among T4SS subunits not previously detected in studies of other organisms using the Y2H (Table 2 ). Interactions were found between the T4SS baits and lipopolysaccharide-related proteins, hemolysins, protein export proteins, proteases, permeases, outer membrane proteins, ABC transporters, proteins of unknown function and proteins of the T4SS complex among others. (25) . Subunits of the T4SS used as baits are highlighted in red. The inner, full circle represents interactions shared among the subunits. The broken outer circle represents interactions distinct to a given subunit. Transported effectors may more likely be found in the inner circle as they would interact with more than one subunit.
DISCUSSION
We have presented an approach for integrating genome sequencing and subsequent protein interaction mapping and tested it by sequencing the genome of a human pathogen. Numerous review papers have been written on large-scale two-hybrid studies, analyzing the data, testing the data's validity, and using the data to train in silico protein interaction prediction software. The need for further protein interaction information is clear. Among the challenges in generating proteome-wide interaction data are the lack of fully automated processes, the sheer amount of screening necessary to complete one map for one organism, and an incomplete grasp of what constitutes a physiologically important protein interaction.
Use of the B2H system in a large-scale screen required development of the screening protocols. Use of minimal media and IPTG induction were important steps in obtaining reproducible interactions. Our success in observing an interaction with the E.coli MoeA protein demonstrates that large proteins or dimers are not absolutely excluded from interacting in this system.
Analysis of some two-hybrid studies has shown a high false-positive rate in the sense that the interaction can be repeated in the system but may not occur in nature. While further validation of interactions observed in this study is necessary, the possible interactions have been narrowed signi®cantly. In this study, 84% of the proteins involved in the 162 interactions that were observed only once, interacted with at least one other T4SS subunit, and 26% of all interactions were observed multiple times with independent fragments of the same protein. These observations lend strength to the potential signi®cance of these interactions. The 46% of interactions overlapping with previous studies seems reasonable given the incomplete proteome coverage of the genome in our screen: regions of T4SS proteins identi®ed as necessary for an interaction in Agrobacterium tumefaciens were missing in some of our screens. Furthermore, previous investigations of interologs using the Y2H system only reported between a 16 and 31% recapture rate (23) . The three proteins involved in the two intra-T4SS complex interactions not previously observed have been shown to localize to the inner membrane. Taking this into consideration, these observed interactions do not con¯ict with previous models of the T4SS complex (9) and may indeed represent putative novel intra-complex interactions.
In this study, 24 previously unannotated proteins were found to interact with subunits of the T4SS. While these interactions require further validation, they have assisted in narrowing the search for novel transported effectors. One concern with two-hybrid systems is the existence of`sticky proteins'; those proteins which interact with numerous proteins in the two-hybrid system but for which the interactions may not be physiologically relevant. Interaction mapping all remaining ORFs in the genome will reveal which proteins in the R.sibirica genome are`sticky', assisting in further validating these interactions. A potential example of a`sticky' protein was identi®ed in this study: DnaK, a molecular chaperone interacted strongly with many of the T4SS subunits. Previous Y2H studies have shown chaperones and heat shock proteins to be candidate`sticky' proteins.
With respect to virulence, interactions between subunits of the T4SS and fadB, tlyC and tlyA like (rsib_orf.1275) and their related multi-drug ef¯ux proteins acrAB, were of interest. FadB was previously identi®ed in a screen for genes expressed during intracellular infection. It was shown that fadB is activated in Salmonella typhimurium speci®cally during intracellular infection (24) . FadB is involved in b-oxidation of fatty acids that may help suppress host in¯ammatory response (24) . Observations of and interaction between the T4SS components and fadB strengthen the case for a role of this protein in pathogenicity. TlyC and tlyA are rickettsial hemolysins for which little is known aside from hemolytic activity. Evidence of association with the T4SS should be of interest for further investigation and validation.
The bene®ts of this approach are clear. Sequencing the genome in B2H vectors, while requiring higher coverage, yields in-frame ORF fragments ready for functional analysis. Use of a B2H system for screening of potential interactions then allows direct entry of plasmids into the well-developed DNA sequencing pipeline. Furthermore, use of bacterial strains offer high dual-transformation ef®ciencies allowing rapid, deep screening for multiple proteins of interest.
It is our hope that the present data will advance the understanding of mechanisms of virulence through the T4SS. It is our belief that using comparative interaction data will allow deciphering of what interactions are physiologically valid. These types of comparisons can truly begin once a few related genomes have had their protein interactions mapped. Future direction for this approach includes a large-scale comparison with the Y2H and in vitro methods to give a better grasp on how data from the various methods relate to each other. Completion of the proteome-wide interaction map is also a priority.
By implementing a large-scale B2H system, we have demonstrated that it is possible to couple whole genome sequencing and protein interaction mapping in a standard sequencing pipeline. With the interest growing in organisms dif®cult to culture, an approach that yields functional information starting from genomic DNA should be of interest. We hope that with further development, validation and scale-up of this approach, the number of organisms for which interaction maps have been elucidated will rapidly increase and bring this ®eld into the era of cross-species comparative interaction studies. We believe this approach and data will help in development of new drug targets by providing information on genes that are critical to the pathogenicity, maintenance and spread of microbes. VirB8-VirB10 VirD4-VirB4 VirB9-VirB10
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